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Edited by Vladimir SkulachevAbstract Over the years, several lines of evidence have emerged
supporting the role of stress in the development and progression
of cancer. Stress can cause an increase in the production of reac-
tive oxygen species (ROS) and decrease in the in vivo antioxi-
dant defense systems. A ROS-induced DNA damage in
peripheral lymphocytes, liver and skin cells may be revealed by
Comet assay. To test whether DNA is damaged by stress/
DMBA/stress and DMBA, rats were exposed to multiple doses
of DMBA in the presence and absence of restraint stress, and
DNA damage was evaluated. Insigniﬁcant diﬀerences were
detected in all the three cells tested (peripheral lymphocytes, liver
and skin cells) between control and stress treatment in terms of
frequencies of damaged DNA. The extent of DNA migration
was enhanced in DMBA treated rats in a dose dependent
manner. Pre-stress DMBA treatment showed still higher fre-
quencies of damage in comparison with control, stress alone or
DMBA alone groups. Thus, prior exposure to stress clearly
enhanced the DMBA induced DNA damage, especially so in
the skin cells (target organ of the carcinogen application) than
liver and peripheral lymphocytes as observed on the basis of
the extent of DNA migration (tail DNA) during single cell gel
electrophoresis.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Single cell gel electrophoresis1. Introduction
Carcinogenesis is a multistage process and depends on multi-
ple factors. The combined eﬀects of stimulatory factors (e.g. hor-
mones, cytokines), stress mediators (oxygen radicals) and
exogenous aggressions (viruses, radiation and xenobiotic com-
pounds) can aﬀect the control of cellular proliferation and lead
to tissue transformation [1]. There is indeed extensive evidence
available showing that psychological factors, including stress
contribute to the progression of cancer [2,3]. Exposure to re-
straint stress was found to exert sizeable eﬀect on cancer devel-
opment [4] as well as facilitated the growth of transplanted
tumors [5,6]. Various mechanisms have been considered as pos-Abbreviations: ROS, reactive oxygen species; TBARS, thiobarbituric
acid reactive species
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doi:10.1016/j.febslet.2006.06.030siblemediators of the eﬀect of stress onneoplastic process, which
include alteration in the immune and/or neuroendocrine system
and in the antioxidant defense status [7–10]. Altered antioxidant
status indicates production of reactive oxygen species (ROS),
such as peroxides, hydroxyl and superoxide anion radicals,
which induce cellular oxidative damage through DNA strand
breaks and lipid peroxidation [11]. Indeed DNA damage in-
duced by oxidative stress and/or deﬁcientDNA-repairmay have
etiological or prognostic role in cancer [12]. Surprisingly, few
studies have examined the eﬀects of psychological stress on the
production of ROS, and have yielded inconsistent results [13].
Previous studies in our lab have demonstrated the eﬀect of re-
straint stress on the antioxidant status of rats. It was found that
chronic restraint stress caused increased lipid peroxidation and
compromised antioxidant status [14,15]. Nevertheless, greater
production of ROS in turn has been shown to produce increases
in oxidative DNA damage. Therefore, it is important to under-
stand the factors responsible for such damage and the ways to
minimize them. Restraint stress, a well-known model to study
chronic physical and psychological stress was used in the present
study to assess the eﬀect of psychological factors on DNA dam-
age, both alone and in the context of cancer. The chemical car-
cinogen DMBA used in the present study forms free radicals,
induces substantial oxidative eﬀects in vivo [14] and causes oxida-
tive modiﬁcation of DNA bases [16]. DNA-damage is measured
at the cellular level using single cell gel electrophoresis (Comet
assay) method in peripheral blood lymphocytes, liver and skin
cells of control and treated rats.2. Materials and methods
2.1. Chemicals
DMBA, Histopaque 1077, HBSS, RPMI 1640 were purchased from
Sigma (St. Louis, MO), GSH, GSSG, NADPH, NADP, CDNB,
DTNB, Pyrogallol were purchased from SRL, India. All other chemi-
cals were of analytical grade.
2.2. Animals
Young fast growing Swiss Albino rats weighing 40 ± 5 g were used
for the experiment. All experimental protocols adhered to the guide-
lines of the Animal Welfare Committee of the university. The rats were
housed under standard conditions of temperature and humidity and a
12 h light/dark cycle (lights on at 8 am) with free access to standard
pellet diet (Ashirwad Industries, Chandigarh, India) and water.
2.3. Treatment of animals
After 1 week of acclimatization, rats were divided into four groups
of 20 animals each. Animals in group I (stress alone) and group II
were exposed to chronic restraint stress for 10 days (3 h/day) by plac-
ing the rats individually in body sized wire mesh cages attached toblished by Elsevier B.V. All rights reserved.
Table 1
DNA damaging eﬀects of consecutive DMBA doses alone and after
pre-exposure to chronic restraint stress in the skin cells of rats
Groups Comet tail length (lm)
Untreated control 1.4 ± 0.01
Stress alone 1.9 ± 0.02
DMBA alone
Dose 1 10.0 ± 0.03a
Dose 2 19.0 ± 1.12a
Dose 3 28.0 ± 1.24a
Dose 4 37.1 ± 2.21a
Pre-stress DMBA
Dose 1 15.0 ± 1.15a,b
Dose 2 27.0 ± 1.19a,b
Dose 3 39.0 ± 2.26a,b
Dose 4 44.0 ± 2.67a,b
Data represent means ± S.E.M. of 5 animals in each group.
aP value < 0.05 and signiﬁcant when compared to untreated control.
bP value < 0.01 when compared to DMBA alone group.
Doses
































Fig. 1. DNA damaging eﬀect of stress and DMBA (multiple
applications) both alone and after stress exposure (on pre exposure
to stress) on the peripheral lymphocytes of rats. The rats were exposed
to chronic restraint stress (3 h/day) for 10 days, or topically treated
with 0.5% DMBA (twice a week) for a total of four doses either alone
or after exposure to stress as described in Section 2. Untreated controls
were also run simultaneously. Values reported are as mean ± S.E.M. of
ﬁve animals in each group.
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lowing last stress exposure, animals in group II (Pre-stress DMBA)
and that of group III (DMBA alone) with their backs shaved oﬀ,
were topically treated with 0.5% DMBA in sesame oil (twice a week)
for a total of four doses. Group IV animals did not receive any treat-
ment and served as untreated controls. Five animals were sacriﬁced
from each group after 2 days following each DMBA exposure. To as-
sess the eﬀect of stress alone ﬁve animals from control and stress
alone group were sacriﬁced immediately following last stress expo-
sure. After each sacriﬁce blood, liver and skin samples were collected
for Comet assay. MDA levels (lipid peroxidation) were determined in
liver and plasma.
2.4. Preparation of cells for Comet assay
2.4.1. Lymphocyte isolation. Immediately after each sacriﬁce, the
heparinised blood was suitably diluted in PBS (Ca++ and Mg++ free).
Lymphocytes were isolated using Histopaque 1077 (Sigma), and the
cells (2 · 105) were ﬁnally suspended in RPMI 1640.
2.4.2. Isolation of liver and skin cells. A small lobe of liver was cut
with the help of a sterilized blade and homogenized in ice-cold solution
of HBSS. After centrifugation cells were suspended in RPMI 1640.
Same procedure was followed for skin tissues. The viability of cells
was assessed using trypan blue exclusion test [17].
2.5. Comet assay
Comet assay was performed under alkaline conditions essentially
according to the procedure of Singh et al., [18] with slight modiﬁca-
tions. Fully frosted microscopic slides precoated with 1.0% normal
melting agarose at about 50 C (dissolved in Ca++ and Mg++ free
PBS) were used. Around 10,000 cells (isolated from blood, liver
and skin) were mixed with 75 ll of 1.0% low melting point agarose
(LMPA) to form a cell suspension, pipetted over the ﬁrst layer,
and covered immediately by a cover slip. The slides were placed on
a ﬂat tray and kept on ice for 10 min to solidify the agarose. The cov-
er slips were removed, a third layer of 0.5% LMPA (75 ll) was pipet-
ted, and cover slips placed over it and allowed to solidify on ice for
5 min. The cover slips were removed and the slides were immersed in
cold lysing solution containing 2.5 M NaCl, 100 mM EDTA, 10 mM
Tris, pH 10 and 1% Triton ·100 added just prior to use for a mini-
mum of 1 h at 4 C. After lysis DNA was allowed to unwind for
30 min in alkaline electrophoretic solution consisting of 300 mM
NaOH, 1 mM EDTA, pH > 13. Electrophoresis was performed at
4 C in ﬁeld strength of 0.7 V/cm and 300 mA current. The slides
were then neutralized with cold 0.4 M Tris, pH 7.5, stained with
75 ll EtBr (20 lg/ml) and covered with a cover slip. The slides were
placed in a humidiﬁed chamber to prevent drying of the gel and ana-
lyzed the same day. Slides were scored using an image analysis system
(Komet 5.5, Kinetic Imaging, Liverpool, UK) attached to a Olympus
(CX41) ﬂuorescent microscope and a COHU 4910 (equipped with a
510–560 nm excitation and 590 nm barrier ﬁlters) integrated CC cam-
era. Comets were scored at 100· magniﬁcation. Images from 50 cells
(25 from each replicate slide) were analyzed. The parameter taken to
assess cellular DNA damage was tail length (migration of DNA from
the nucleus, lm) and was automatically generated by Komet 5.5
image analysis system.
2.6. Thiobarbituric acid reactive species (TBARS) determination
Lipid peroxidation was assessed by measuring TBARS concentra-
tion using a spectrophotometric method [19]. Brieﬂy, 0.5 ml of homog-
enate was mixed with 1 ml 0.67% TBA and 30% TCA (1:1) and heated
for 20 min at 100 C. After centrifugation, the colored supernatant was
read at 535 nm. TBARS expressed as nmol/mg protein using extinction
coeﬃcient as 1.56 · 105 M1 cm1.
2.7. Protein estimation
Protein content was estimated by the method of Lowry et al., using
bovine serum albumin as standard [20].
2.8. Statistical analysis
The data presented are means ± S.E.M of ﬁve values and student’s t
test was used to examine statistically signiﬁcant diﬀerences. Analysis of
variance was performed using one-way ANOVA. P values <0.05 were
considered statistically signiﬁcant.3. Results
3.1. DNA damage by restraint stress
A 3 h/day exposure to restraint stress for 10 days did not
damage the lymphocyte, skin and liver cell DNA to any signif-
icant extent. Although damage was observed in stressed rats as
compared to control rats, this damage, however, was not sig-
niﬁcant as shown in Fig. 1 and Tables 1 and 2.
3.2. Eﬀect of consecutive doses of DMBA on DNA damage
Fig. 1 shows the eﬀect of multiple doses of DMBA on lym-
phocyte DNA. DMBA induced DNA damage in a dose depen-
dent manner in lymphocytes as the tail length was found to
increase after each dose. Similar results were observed in liver
Table 2
Eﬀect of consecutive DMBA doses alone and on pre-exposure to
chronic restraint stress on DNA damage in liver cells of rats
Groups Comet tail length (lm)
Untreated control 1.0 ± 0.01
Stress alone 1.2 ± 0.04
DMBA alone
Dose 1 7.0 ± 1.03a
Dose 2 16.0 ± 2.1a
Dose 3 26.3 ± 2.2a
Dose 4 35.1 ± 2.9a
Pre-stress DMBA
Dose 1 12.0 ±1.18a,b
Dose 2 24.7 ± 2.33a,b
Dose 3 35.5 ± 2.9a,b
Dose 4 42.0 ± 1.86a,b
Data represent means ± S.E.M. of 5 animals in each group.
aP value < 0.05 and signiﬁcant when compared to untreated control.
bP value < 0.01 when compared to DMBA alone group.
Doses

























Fig. 3. Formation of MDA in the liver tissues of stress, multiple
DMBA doses alone and pre-stress DMBA treated rats as compared to
untreated controls. Data are reported as means ± S.E.M. for 5 rats in
each group.
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for being the target organ of the carcinogen (Tables 1 and 2).
3.3. Eﬀect of restraint stress on DMBA induced DNA damage
Pre exposure of rats to restraint stress enhanced the DNA
damaging potential of DMBA signiﬁcantly as compared to
control or DMBA alone group, in lymphocytes (Fig. 1), liver
(Table 1) as well as in skin cells (Table 2). A signiﬁcant
DNA damage was observed in the skin cells after the fourth
application of 0.5% DMBA either alone or after stress expo-
sure as depicted by Comets (100·) (Fig. 4).
3.4. TBARS levels as a measure of oxidative stress in plasma and
liver
The levels of TBARS in stressed animals were increased as
compared to controls. Consecutive doses of DMBA increased
the levels in a dose dependent manner and were higher as com-
pared to stress alone or control groups. However highest levels
of TBARS in both plasma and liver were found in animals ex-
posed to restraint stress prior to DMBA exposure, as com-
pared to all other groups (Figs. 2 and 3).doses

























Fig. 2. Eﬀect of restraint stress, multiple doses of DMBA alone, and
pre-stress DMBA treatment on TBARS levels in the plasma of rats.
Data are reported as means ± S.E.M for 5 rats in each group.4. Discussion
ROS have been suggested as causative factors in mutagene-
sis, carcinogenesis and tumor promotion and have been impli-
cated in the etiology and pathophysiology of many human
diseases [21]. They induce strand breaks and cause oxidative
modiﬁcation of DNA bases [22]. Damage to DNA integrity
is considered as the basic trigger of various diseases including
cancer. Damaged DNA also results in impaired ability of cells
to repair or prevent disease [23]. Several studies have examined
the eﬀect of stress on DNA integrity as stress has been found to
cause production of ROS resulting in oxidative stress and in-
creased lipid peroxidation. During oxidative stress, MDA or
other aldehydes are formed in biological system, which react
with amino acids and DNA resulting in alterations in replica-
tion, transcription and leading to tumor formation [24]. Expo-
sure to conditional emotional stimuli results in DNA damage
in rats by increasing the levels of 8-OH-dG signiﬁcantly as
compared to controls [25]. While DNA fragmentation was ob-
served in gastric mucosa of rats exposed to both acute and
chronic stress [26], no such damage was found to be induced
in T lymphocytes of mice exposed to acute stress [27]. Stress
is also found to eﬀect DNA repair system as rotational stress
decreased the levels of methyltransferase, an important repair
enzyme, in spleen of rats [28,29]. Psychological stress also im-
paired the repair of DNA damage induced by exposure to a
carcinogen, in rats [30]. The discrepancies between these data
remain unresolved and it remains unclear whether the consis-
tent eﬀects of stress on DNA integrity stem from ROS produc-
tion, due to the inconsistent results observed on the generation
of ROS in stress. However, we have already reported in our
previous studies that chronic restraint stress not only causes in-
creased lipid peroxidation and compromised antioxidant sta-
tus but also enhances the prooxidant eﬀect of DMBA in rats
[14]. As an extension of our previous ﬁnding, the present study
was designed to see the eﬀect of chronic restraint stress alone
on DNA, as well as on the DNA damage induced by a well-
known carcinogen DMBA.
According to the results restraint stress caused insigniﬁcant
damage to DNA of lymphocytes, liver and skin cells of rats
Fig. 4. Single cell gel electrophoresis of rat skin cells showing Comets (100·) after treatment with stress and four doses of 0.5% DMBA, (A)
untreated, (B) stress treated, (C) DMBA alone and (D) pre-stress DMBA.
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the stressor used here did not incur DNA damage within the
cell, rather primed the cells to respond to subsequent induction
of DNA damage either by impairing the ability of cells to re-
pair DNA, or by causing oxidative stress, as enhanced hepatic
and plasma lipid peroxidation is observed in stressed animals.
This is conﬁrmed by the fact that enhanced DNA-damage was
observed in rats treated with DMBA following exposure to
stress as compared to those treated with DMBA alone.
DMBA is a polycyclic aromatic hydrocarbon present in the
environment as a product of incomplete combustion of com-
plex hydrocarbons. It is an indirect carcinogen and is metabo-
lized by cytochrome P4501B1 to form toxic metabolites and
ROS. These ROS produce deleterious eﬀects by initiating lipid
peroxidation directly or indirectly by acting as second messen-
gers for the primary free radicals and the toxic metabolites of
DMBA bind to adenine residues of DNA causing damage [30].
The DNA breakage may be the result of the generation of
hydroxyl radicals and other ROS in situ. Moreover, oxygen
radical damage to deoxyribose or DNA is considered to give
rise to TBA reactive material [31]. The increased formation
of TBA reactive substance (TBARS) both in circulation and li-
ver tissues in a dose dependent manner by DMBA exposure
either alone or after stress treatment further conﬁrms an en-
hanced DNA damage by restraint stress. The present study
is in accordance to the earlier observation that several applica-
tions of DMBA provide an added complexity to interactions
between concomitantly formed DMBA-DNA base adducts
and oxidized bases [16]. These concurrent interactions of initi-
ating (adducts) and promoting (oxidized bases) processes may
be key to complete carcinogenesis and exposure to stress plays
an important role from the very early stages of carcinogenesis
right at the basic cellular level by causing oxidative stress and/
or increasing the damaging potential of a carcinogen.
Thus we conclude that exposure to multiple doses of a car-
cinogenic agent like DMBA directly or indirectly (environ-mental toxins, cigarette smoke) causes dose dependent
DNA damage and exposure to stress (physical or emotional)
exacerbates this DNA damage thus putting an individual at
an increased risk of developing cancer. The experimental
model currently employed might provide an insight at the
most basic level of cell mutation, for investigating the eﬀect
of both physical and psychological stress on the etiology of
DMBA induced carcinogenesis. Further studies may be
aimed at the development of interventions for disease preven-
tion by identifying the relations between psychological factors
and DNA damage.
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